Opioid signaling in the CNS is critical for controlling cellular excitability, yet the conditions under which endogenous opioid peptides are released and the precise mechanisms by which they affect synaptic transmission remain poorly understood. The opioid peptide dynorphin is present in the soma and dendrites of vasopressin neurons in the hypothalamus and dynamically controls the excitability of these cells in vivo. Here, we show that dynorphin is released from dendritic vesicles in response to postsynaptic activity and acts in a retrograde manner to inhibit excitatory synaptic transmission. This inhibition, which requires the activation of -opioid receptors, results from a reduction in presynaptic release of glutamate vesicles. The opioid inhibition is downstream of Ca 2ϩ entry and is likely mediated by a direct modulation of presynaptic fusion machinery. These findings demonstrate that neurons may self-regulate their excitability through the dendritic release of opioids to inhibit excitatory synaptic transmission.
Introduction
Neurotransmitters released from the somatodendritic compartment of the postsynaptic cell can act in a retrograde manner to induce short-or long-term changes in synaptic efficacy (Alger, 2002) . These retrograde signals are chemically diverse, are recruited under different conditions, and have distinct effects on the presynaptic terminal (Ludwig and Pittman, 2003) . The opioid peptide, dynorphin, powerfully inhibits excitatory transmission in the nervous system (Weisskopf et al., 1993; Castillo et al., 1996; Simmons and Chavkin, 1996; Hjelmstad and Fields, 2003; Honda et al., 2004; Ford et al., 2007) . In stark contrast to the wealth of data implicating a role for exogenous dynorphin in modulating synaptic transmission, there are only a few examples, and only in the hippocampus, of dynorphin acting as a retrograde messenger (Wagner et al., 1993) . Furthermore, the mechanisms responsible for the dynorphin-mediated presynaptic inhibition remain contentious.
In vivo evidence indicates that endogenous dynorphin plays a key role in regulating the excitability of neurons in the hypothalamus, which in turn control the release of neurohormones from the posterior pituitary (Wells and Forsling, 1991; Brown et al., 1998) . Specifically, this work has focused on the magnocellular neurosecretory cells (MNCs) in the paraventricular (PVN) and supraoptic (SON) nuclei of the hypothalamus. The MNCs make either oxytocin (OT) or vasopressin (VP), but it is these latter cells in particular that have one of the highest concentrations of somatodendritically stored dynorphin in the brain (Watson et al., 1982; Shuster et al., 2000) . Blocking -opioid receptors in vivo dramatically increases the excitability of MNCs (Wells and Forsling, 1991; Brown et al., 1998) , indicating an ongoing and important role for dynorphin in regulating the output of this network. Since spiking in MNCs in vivo, both tonically (Nissen et al., 1995) and in response to physiological stimuli , is dependent on excitatory, glutamatergic synaptic inputs, we hypothesized that the retrograde modulation of glutamate neurotransmission by dynorphin would be an efficient way for MNCs to control their own activity. Since MNCs are targeted by glutamate synapses that exhibit a high rate of stochastic, action potential independent release, we hypothesized that dynorphin should inhibit both spontaneous and action potential-dependent neurotransmission.
Using whole-cell patch-clamp recordings from MNCs, we find that bath application of dynorphin A or the -opioid receptor agonist U69593 produces a robust and long-lasting presynaptic depression of glutamate neurotransmission. This depression appears to be mediated by a direct inhibition of presynaptic vesicle fusion. Importantly, we demonstrate that this depression is also observed in response to the release of endogenous dynorphin, specifically from VP neurons. Together, these data demonstrate that dynorphin released from the dendrites of vasopressin magnocellular neurons in an activity-dependent manner induces a novel presynaptic depression that targets both action potentialdependent and action potential-independent glutamate release.
Materials and Methods
All protocols were approved by the University of Calgary animal care and use committee in accordance with guidelines established by the Canadian Council on Animal Care.
Slice preparation. Male wild-type Sprague Dawley [postnatal day 21 (p21)-30] or transgenic Wistar/Sprague Dawley (p21-40) rats that express enhanced green fluorescence protein (eGFP) under the vasopressin promoter were used (Ueta et al., 2005) . Animals were anesthetized with sodium pentobarbital (0.1 ml/100 g body weight) and then decapitated. The brain was quickly removed and placed in ice-cold slicing solution for several minutes containing (in mM): 87 NaCl, 2.5 KCl, 25 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 1.25 NaH 2 PO 4 , 25 glucose, 75 sucrose; saturated with 95% O 2 /5% CO 2 . The brain was then blocked and mounted on a vibrating slicer (Leica) submerged in ice-cold slicing solution. Slices were incubated at 32.5°C in artificial CSF (ACSF) containing (in mM) 126 NaCl, 2.5 KCl, 26 NaHCO 3 , 2.5 CaCl 2 , 1.5 MgCl 2 , 1.25 NaH 2 PO 4 , 10 glucose; saturated with 95% O 2 /5% CO 2 , for a minimum of 60 min. When Ca 2ϩ was decreased in the ACSF, Mg 2ϩ was increased by the same proportion. Electrophysiology. Slices containing the PVN were submerged in a recording chamber and superfused with 32.5°C artificial CSF at a flow rate of 1 ml/min. Whole-cell recordings were obtained from magnocellular neurons visualized with an AxioskopII FS Plus (Zeiss) upright microscope fitted with infrared differential interference contrast optics. Recorded cells were confirmed to be MNCs based on their morphology and well defined electrophysiological characteristics (Luther and Tasker, 2000) . eGFP neurons were visualized with a Zeiss AxioCam MRm camera (Zeiss).
Patch pipettes were pulled from borosilicate glass, had a resistance between 3-6 M⍀, and were filled with a solution containing (in mM) 116 potassium gluconate, 8 sodium gluconate, 2 MgCl 2 , 8 KCl, 1 potassium EGTA, 4 potassium ATP, and 0.3 sodium GTP, 10 HEPES, corrected to pH 7.2 with KOH. Series resistance was not compensated and recordings were accepted for analysis if changes in access resistance were Ͻ20%. The liquid junction potential was calculated to be approximately Ϫ13 mV and was not compensated for.
Glutamatergic fibers were stimulated extracellularly with a monopolar glass microelectrode (3-6 M⍀) filled with ACSF and placed either within or just outside of the PVN. Synaptic stimulation was delivered at a rate of 0.2 Hz for all experiments with the exception of endogenous dynorphin release experiments, where it was delivered at 0.4 Hz. The perfusate always contained picrotoxin (100 M) to block GABA A -mediated conductances. We have previously reported that evoked glutamatergic currents onto MNCs have both synchronous and asynchronous components (Iremonger and Bains, 2007) . In this current study, we generally selected synaptic responses that exhibited more pronounced asynchronous release. Drugs used in this study were purchased from the following locations: -conotoxin GVIA, -agatoxin IVA, tetrodotoxin (TTX), and ␣-dendrotoxin from Alomone labs; N- (piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl) -4-methyl-1 H-pyrazole-3-carboxamide (AM251) and 4-aminopyridine (4-AP) from Tocris Bioscience; N- [2-(( p-bromocinnamyl) amino)ethyl]-5-isoquinolinesulfonamide (H-89) and botulinum toxin C (BoTC) from Calbiochem; dynorphin A(1-17) (DynA) from Bachem. All remaining drugs and chemicals were purchased from Sigma-Aldrich. In most cases, (ϩ)-(5␣,7␣,8␤)-N-methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-benzeneacetamide (U69593) was applied at 1 M for 5 min. In experiments where percentage inhibition was compared between OT and VP cells, U69593 was applied at 500 nM for 1 min.
Data collection and analysis. Signals were amplified with the Multiclamp 700B amplifier (Molecular Devices) were low-pass filtered at 1 kHz, digitized at 10 -20 kHz with the Digidata 1322 (Molecular Devices), and saved on a PC for off-line analysis. For evoked currents, analysis was performed using pClamp 9 (Molecular Devices). To better quantify synaptic efficacy at these synapses that have both fast and slow components of release, we measured charge transfer rather than peak amplitude. For all experiments [except for calculating paired-pulse ratio (PPR)], charge transfer was calculated by integrating the area under the averaged evoked EPSC from the onset of the EPSC to 100 ms. This time window generally encompasses all asynchronous release events (Iremonger and Bains, 2007) . For calculating the PPR of charge transfer, the area under the averaged evoked EPSC from the onset to 45 ms was integrated. The number of individual asynchronous release events was quantified by counting the occurrence of miniature EPSCs (mEPSCs) from 5 to 100 ms after the onset of the EPSC (5 ms bins) during 30 trials. Events were not counted in the first 5 ms, because they could not be discriminated from the synchronous component. During the 5-10 ms time window (decay of the synchronous EPSC), we could clearly discern individual quanta, and these were counted as asynchronous events. Baseline spontaneous release was calculated for the 100 ms before the stimulus and subtracted. For amplitude analysis of asynchronous events, only events with a clear baseline before onset were selected, and those that were summed onto other events were rejected from analysis.
For miniature events, analysis was performed with Mini Analysis software (Synaptosoft). Miniature frequency was measured in events per minute, and amplitude was measured as the average amplitude in 1 min bins. All miniature data were normalized to the average of 5 min baseline immediately before drug application. For all data, control and treatment time points were generally taken at 5 min before drug application and 15-20 min after start of application. All data are presented as mean Ϯ SEM, and statistical analyses were performed with Student's t test when comparing two groups and with ANOVA with a post hoc Newman-Keuls test for comparisons across multiple groups. p Ͻ 0.05 was accepted as statistically significant (*p Ͻ 0.05).
Results
To investigate the effects of both exogenous and endogenous dynorphin on synaptic transmission, we performed whole-cell recordings from MNCs in acute brain slices of the PVN (Fig. 1 A) .
EPSCs were recorded at a holding potential of Ϫ60 mV in the presence of the GABA A receptor antagonist, picrotoxin (100 M).
Dynorphin inhibits evoked glutamate neurotransmission
Evoked glutamate inputs onto MNCs in PVN exhibit pronounced asynchronous release, the characteristics of which have been described previously (Iremonger and Bains, 2007) . To examine the effects of dynorphin on excitatory synaptic transmission, we bath applied either 1 M DynA or 1 M U69593, a specific agonist of -opioid receptors, for 5 min. DynA caused a pronounced inhibition of the evoked EPSC (percentage inhibition of charge transfer: 50 Ϯ 9% 15 min after DynA, n ϭ 8, p ϭ 0.002) (Fig. 1 B) . This DynA-mediated inhibition was completely abolished in the presence of the -opioid receptor antagonist nor-binaltorphimine (nor-BNI) (100 nM, percentage inhibition in nor-BNI: 5 Ϯ 9%, n ϭ 7, p ϭ 0.28), confirming that it was mediated by activation of -opioid receptors. Similarly, bath application of U69593 (1 M, 5 min) produced a robust and prolonged inhibition of the EPSC (percentage inhibition: 75 Ϯ 4%, n ϭ 9, p Ͻ 0.0001) (Fig. 1C ) that was also blocked by nor-BNI (percentage inhibition: 2 Ϯ 10%, n ϭ 8, p ϭ 0.67) (Fig. 1C) . Although the DynA peptide exhibits high affinity for the -opioid receptor (Chavkin et al., 1982) , there are also reports that it binds (with lower affinity) to -and ␦-opioid receptors (Raynor et al., 1994) . Consequently, U69593 was used for the remainder of the experiments requiring exogenous ligand.
Although dynorphin is primarily released from the dendrites of VP cells (Watson et al., 1982; Shuster et al., 2000) , the intermingling of processes from both OT and VP cells raises the possibility that synaptic transmission onto both OT and VP cells may be affected by dynorphin. To determine whether activation of -opioid receptors had differential effects depending on cell type in the PVN, we used a transgenic rat that expresses eGFP under the vasopressin promoter (Ueta et al., 2005) . In these animals, the inhibitory effect of a lower concentration of U69593 (500 nM, 1 min) was found to be similar in both GFP-negative (putative OT) and GFP-positive (VP) cells (percentage inhibition VP: 40 Ϯ 16%, n ϭ 4; OT: 43 Ϯ 26%, n ϭ 5, p ϭ 0.92). Therefore, for the remainder of the experiments (except Figs. 7, 8) , wild-type rats were used, and we did not distinguish between OT and VP cells.
To obtain insight into the mechanisms of the -opioidmediated inhibition, we took advantage of the fact that these synapses exhibit pronounced asynchronous release (Iremonger and Bains, 2007) (Fig. 1 B, E) and specifically analyzed the effect of -opioid agonist on this delayed component of the EPSC. Appli-cation of U69593 resulted in a robust decrease in the number of asynchronous events (occurring between 5-100 ms after the onset of the synchronous EPSC) (total number of asynchronous events: control, 107 Ϯ 16; U69593, 10 Ϯ 5; p ϭ 0.002; n ϭ 5) ( Fig.  1 D) without changing the mean amplitude of these events (control, 31.8 Ϯ 5.3 pA; U69593, 29.6 Ϯ 6.8 pA; p ϭ 0.76; n ϭ 5). This is consistent with a presynaptic reduction in transmitter release with no change in postsynaptic efficacy. To provide more evidence for this hypothesis, we measured the PPR for two EPSCs evoked 50 ms apart, both before and after U69593. PPR was calculated for both the peak amplitude and charge transfer of the EPSC (see Materials and Methods). Peak amplitude PPR increased from 1.41 Ϯ 0.13 to 1.68 Ϯ 0.18 after U69593 (n ϭ 19, p ϭ 0.049), whereas charge transfer PPR increased from 1.63 Ϯ 0.15 to 1.94 Ϯ 0.19 after U69593 (n ϭ 19, p ϭ 0.014) (Fig. 1 E) . In addition, when the coefficient of variation (CV) of the EPSC charge transfer was calculated and plotted as 1/CV 2 , there was a significant reduction after application of U69593 ( p ϭ 0.001, n ϭ 8) (Fig. 1 F) .
Together, these data suggest that activation of -opioid receptors causes a robust inhibition of glutamate release onto both OT-and VP-expressing MNCs and that this inhibition is mediated via a presynaptic mechanism.
Activation of -opioid receptors inhibits action potentialindependent neurotransmission Glutamatergic synapses onto MNCs exhibit a high rate of quantal release (Gordon and Bains, 2003) . The regulation of these mEPSCs is thought to be important in controlling excitability in these cells (Gordon and Bains, 2003) . In the presence of TTX (1 M), mEPSC frequency and amplitude were 45.2 Ϯ 5.8 events/min and 25.0 Ϯ 1.8 pA, respectively (n ϭ 6). After the application of U69593 (1 M, 5 min), there was a robust reduction in mEPSC frequency (49 Ϯ 14% reduction at 15 min, p Ͻ 0.0001, n ϭ 6) ( Fig. 2 A, B) with no change in mEPSC amplitude (105 Ϯ 4% control, p ϭ 0.29, n ϭ 6) ( Fig. 2C,D) . To determine if a distinct pool of miniature events were being selectively inhibited, we analyzed both cumulative distribution plots and mEPSC rise/decay times. In the representative cell shown in Figure 2C , the mEPSC amplitude distribution was identical before and after application of U69593. In addition, there was no change in the mean rise or decay times after U69593 (rise time: control vs U69593, p ϭ 0.83, n ϭ 6; decay time: control vs U69593, p ϭ 0.50, n ϭ 6) (Fig. 2 E) . These data suggest that the inhibition by U69593 does not target a specific group of mEPSC events with distinct amplitudes or rise/decay times.
Finally, since the frequency of mEPSCs recorded in MNCs is independent of external Ca 2ϩ (Inenaga et al., 1998) , we next tested whether the -opioid inhibition of mEPSC frequency persisted in the absence of Ca 2ϩ . To remove Ca 2ϩ , slices were incubated in 0 mM Ca 2ϩ /4 mM Mg 2ϩ , 100 M EGTA, and 50 M BAPTA-AM for 1-2 h. During whole-cell recordings, slices were perfused continually with 0 mM external Ca 2ϩ and 100 M EGTA. Baseline mEPSC frequency and amplitude were not different from control cells (frequency 0 Ca 2ϩ : 73.7 Ϯ 20.1 events/ min, n ϭ 8, p ϭ 0.26 vs control; amplitude 0 Ca 2ϩ : 33.0 Ϯ 3.1 pA, n ϭ 8, p ϭ 0.06 vs control). In addition, the inhibition of mEPSC frequency by U69593 was unaffected by the removal of Ca 2ϩ (45.4 Ϯ 12.4% reduction in mEPSC frequency, n ϭ 8, p ϭ 0.85 vs control reduction) (Fig. 2 F) . mEPSC amplitude remained unchanged after U69593 (103 Ϯ 4% of control amplitude, n ϭ 8).
These data show that direct activation of -opioid receptors inhibits mEPSC frequency without affecting mEPSC amplitude or rise/decay kinetics. In addition, this inhibition persists in the absence of Ca 2ϩ
. Together with the PPR and 1/CV 2 EPSC data ( Fig. 1) , these data provide further support for the hypothesis that -opioid recep- for 5 min produced a large and sustained inhibition of the EPSC (50 Ϯ 9% inhibition of charge transfer 15 min after DynA, n ϭ 8, p ϭ 0.002). Sample EPSCs are the average of 30 trials from control, 10 and 25 min after DynA application. C, The -opioid receptor agonist U69593 (1 M, 5 min) also produced a similar depression of the evoked EPSC (75 Ϯ 4% inhibition, n ϭ 9, p Ͻ 0.0001) that was also blocked by nor-BNI (2 Ϯ 10% inhibition, n ϭ 8, p ϭ 0.67). D, There is a marked reduction in the number of asynchronous release events after U69593. Dashed lines are single exponential fits from the data (n ϭ 5). Traces in D are 15 sweeps overlaid taken from control and after U69593; dark traces indicate the average EPSC. E, There is an increase in PPR measured for both amplitude and charge transfer (see Materials and Methods) after activation of -opioid receptors with U69593. F, The 1/CV 2 of the EPSC charge transfer is decreased dramatically 15 min after U69593.
tors inhibit excitatory neurotransmission via a presynaptic inhibition of glutamate release.
-Opioid-mediated inhibition of glutamate release is not attributable to inhibition of adenylate cyclase/protein kinase A The -opioid receptor is a G-proteincoupled receptor of the G i/o family. Once activated, the ␣ subunit can inhibit adenylate cyclase while the liberated ␤␥ subunit can act to inhibit Ca 2ϩ channels (Herlitze et al., 1996) and directly interfere with vesicle fusion (Blackmer et al., 2001 ). To determine whether -opioid receptor inhibition of adenylate cyclase and protein kinase A (PKA) was responsible for the reduction in glutamate release, we bath applied the adenylate cyclase activator, forskolin (10 M). Bath application of forskolin increased EPSC charge transfer (157 Ϯ 28% of control after 30 min, n ϭ 5) ( Fig 3A) . This, however, had no effect on the subsequent U69593-induced inhibition (80.5 Ϯ 7.0% inhibition, p ϭ 0.48 vs percentage control inhibition, n ϭ 5) (Fig.  3B) . We also tested whether directly inhibiting adenylate cyclase could block the effects of U69593. To test this, slices were incubated for a minimum of 40 min in the adenylate cyclase inhibitor SQ22536 (10 M). This had no effect on the U69593-mediated inhibition (percentage inhibition in SQ22536: 87 Ϯ 5%, n ϭ 5, p ϭ 0.093 vs control U69593 inhibition) (Fig.  3D) . Finally, we investigated the involvement of PKA in the -opioid-mediated inhibition by applying U69593 to slices that had been incubated in the PKA inhibitor H-89 (100 M) for 40 -120 min. After incubation in H-89, U69593 still produced a significant inhibition of release that was similar to inhibition in control slices (H-89, n ϭ 5: 84 Ϯ 6% inhibition at 15 min, p ϭ 0.25 vs control inhibition) (Fig. 3C) . To ensure that H-89 was inhibiting PKA, we applied the adenylate cyclase activator, forskolin (10 M), to either control slices or slices that had been incubated in H-89. Forskolin produced a dramatic increase in mEPSC frequency in control slices (800 Ϯ 265% baseline frequency, n ϭ 5), but this effect was attenuated in H-89-treated slices (154 Ϯ 8% baseline frequency, n ϭ 4), confirming the efficacy of this PKA inhibitor.
Together, these data demonstrate that inhibition of glutamate release mediated by activation of the -opioid receptor does not require the inhibition of the adenylate cyclase/PKA pathway.
-Opioid inhibition persists after antagonism of presynaptic Ca 2؉ channels We have previously reported that glutamate release onto MNCs in the PVN is asynchronous, with transmitter release persisting for up to 100 ms after a single presynaptic action potential (Iremonger and Bains, 2007) . In other systems, this form of transmitter release relies more heavily on Ca 2ϩ influx through N-type Ca 2ϩ channels rather than P/Q-type channels (Fedchyshyn and Wang, 2005; Hefft and Jonas, 2005) . We first determined the contribution of different Ca 2ϩ channel subtypes to transmitter release at glutamate synapses onto PVN MNCs. Then, we asked whether the depression observed in response to activation of -opioid receptors persisted after inhibition of these presynaptic Ca 2ϩ channels. The N-type Ca 2ϩ channel antagonist -conotoxin GVIA (1 M, 5 min) produced a pronounced inhibition of the EPSC (77 Ϯ 6% inhibition at 20 min, n ϭ 8, p ϭ 0.01 compared with baseline charge transfer) (Fig. 4 A) . The P/Q-type antagonist -agatoxin IVA (200 nM, 10 min), however, produced only a small inhibition of evoked release (16 Ϯ 12% inhibition at 25 min, n ϭ 6, p ϭ 0.21 compared with baseline) (Fig. 4 B) . The toxin concentrations used above have previously been shown to be saturating for both N-and P-type channels (Mintz et al., 1992; Boland et al., 1994) . Based on the above data, we performed an occlusion experiment to determine if previous inhibition of N-type or P/Q-type calcium channels would attenuate the effects of U69593. Bath application of -conotoxin GVIA dramatically inhibited the EPSC; however, subsequent application of U69593 (n ϭ 4) (Fig. 4C-E) Figure 2. Activation of -opioid receptors decreases mEPSC frequency without affecting amplitude. A, Cumulative distribution plot from a single cell showing the increase in mEPSC interevent interval after U69593 (1 M, 5 min). B, On average, there is a 49 Ϯ 14% reduction in mEPSC frequency after U69593 (at 15 min, p Ͻ 0.0001, n ϭ 6). C, Cumulative distribution plot from a single cell showing no change in the mEPSC amplitude distribution after U69593. Mean data are shown in D (n ϭ 6). Traces and cumulative distributions in A and C are taken from the same cell in control and 15 min after U69593. E, There was no change in either the 10 -90 rise time or the decay tau of mEPSCs after U69593. F, The decrease in mEPSC frequency after bath application of U69593 persisted even when all Ca 2ϩ was removed by incubating slices in 0 mM Ca 2ϩ /4 mM Mg 2ϩ , 100 M EGTA with 50 M BAPTA-AM. still inhibited the EPSC by about the same percentage ( p ϭ 0.68, comparing percentage inhibition control vs percentage inhibition after -conotoxin) (Fig. 4C-E) . Similarly, the inhibition in response to U69593 was not affected by previous application of -agatoxin IVA (n ϭ 4, p ϭ 0.95) (Fig. 4 F) . Together, these data indicate that asynchronous glutamate release is highly reliant on Ca 2ϩ influx through N-type channels, consistent with asynchronous release in other areas of the brain. However, the inhibition of glutamate release after activation of -opioid receptors persists after inhibition of N-or P/Q-type Ca 2ϩ channels. These data are in line with our observation that activation of -opioid receptors also reduced mEPSC frequency and that this inhibition persisted in the absence of Ca 2ϩ (Fig. 2) . Together, this suggests that the presynaptic inhibition mediated by activation of -opioid receptors is downstream of Ca 2ϩ entry.
Blocking potassium channels attenuates -opioid-mediated inhibition by increasing presynaptic Ca

2؉
In a number of different brain areas, the activation of -or -opioid receptors has been shown to inhibit transmitter release via activation of presynaptic potassium channels (Simmons and Chavkin, 1996; Vaughan et al., 1997; Finnegan et al., 2006) . To determine if activation of a presynaptic potassium conductance is responsible for the inhibition of glutamate release observed in this current study, we applied the nonspecific potassium channel antagonist 4-AP. Bath application of 4-AP (2 mM) resulted in a large increase in the EPSC charge transfer (250 Ϯ 74% at 20 min, n ϭ 7, p ϭ 0.028) (Fig. 5A ). In the presence of 4-AP, the inhibition mediated by U69593 was significantly attenuated (28 Ϯ 8% inhibition, n ϭ 6, p Ͻ 0.001 compared with control inhibition) (Fig. 5 A, B) . Since high concentrations of 4-AP can have effects that are not specific to voltage-gated K ϩ channels (Solis and Nicoll, 1992), we repeated these experiments using 100 M 4-AP. The effects of U69593 were attenuated under these conditions as well (U69593 inhibition in 100 M 4-AP: 32 Ϯ 13%, p ϭ 0.003, n ϭ 6) (Fig. 5B) . This reduction in the -opioid inhibition could not be replicated with other potassium channel blockers such as tetraethylammonium, ␣-dendrotoxin, or Ba 2ϩ (data not shown). To determine whether the effects of 4-AP are solely attributable to block of potassium channels or result from a secondary increase in presynaptic Ca 2ϩ influx from a broader presynaptic action potential, we performed additional experiments in low external Ca 2ϩ . We again bath applied 100 M 4-AP but then washed in an ACSF containing low Ca 2ϩ (0.3 mM Ca 2ϩ /3.7 mM Mg 2ϩ ), which subsequently decreased EPSC amplitude. Under these conditions, U69593 caused a robust inhibition of glutamate release that was not significantly different to control inhibition (79 Ϯ 5% inhibition, n ϭ 3, p ϭ 0.61) (Fig. 5C,D) . To confirm that potassium channels were not directly responsible for mediating the -opioid inhibition, we bath applied 100 M 4-AP in the presence of TTX. 4-AP alone had no effect on mEPSC frequency (101 Ϯ 21% control frequency after 15 min, n ϭ 6, p ϭ 0.87 compared with baseline) (Fig. 5E) , and subsequent application of U69593 decreased mEPSC frequency to the same extent as in control (43 Ϯ 9% reduction at 15 min, n ϭ 9, p Ͻ 0.0001, compared with baseline) (Fig. 5F ). These data indicate that activation of presynaptic potassium channels do not contribute directly to the -opioid inhibition. Rather, they hint at a process whereby glutamate neurotransmission can be restored under conditions that elevate presynaptic Ca 2ϩ .
Increasing presynaptic Ca 2؉ overcomes -opioid-mediated inhibition To test this idea directly, we used the Ca 2ϩ ionophore, ionomycin (1 M), to increase presynaptic Ca 2ϩ independently of voltage-gated calcium channels. For these experiments, 10 mM BAPTA was included in the patch pipette to buffer postsynaptic Ca 2ϩ . Bath application of ionomycin for 4 min (in the presence of 1 M TTX) produced a robust increase in mEPSC frequency in control cells in 2.5 mM external Ca 2ϩ . Cells that had been previously treated with U69593 (1 M 5 min, followed by 10 min washout) exhibited an increase in mEPSC frequency in response to ionomycin that was not significantly different from the control response (peak increase in absolute number of events: control, 686 Ϯ 260 events, n ϭ 6; U69593, 649 Ϯ 102 events, n ϭ 5; p ϭ 0.91) (Fig. 6) . In low external Ca 2ϩ (0.3 mM), control cells still showed an increase in mEPSC frequency in response to bath applied ionomycin; however, cells previously treated with U69593 now showed a significantly attenuated response (peak increase in absolute number of events: control, (Fig. 6) . Together, all these data suggest that activation of -opioid receptors inhibits vesicle fusion and that this inhibition can be overcome with higher presynaptic Ca 2ϩ concentrations.
Somatodendritic dynorphin release inhibits excitatory synaptic transmission
Somatodendritic dynorphin/VP release modulates the postsynaptic firing properties of VP MNCs through a direct action on postsynaptic channels (Brown et al., 1998; , but there are no reports demonstrating the effects of dynorphin, released from a single neuron, on synaptic transmission. To evoke dendritic release, vasopressin MNCs (GFP-positive cells) were repetitively depolarized in voltage clamp from Ϫ60 to 0 mV for 100 ms at a frequency of 2 Hz, 240 times. Single synaptic stimuli were administered after every fourth depolarization to assay synaptic strength. This protocol was performed in the presence of the CB1 antagonist AM251 (5 M) and the aminopeptidase inhibitor, amastatin (10 M). The evoked EPSC depressed quickly during the postsynaptic depolarizing protocol and remained depressed for the duration of the recording (53 Ϯ 8% of control, p ϭ 0.012, n ϭ 6) ( Fig. 7 A, B) . To determine the locus of this inhibition, we analyzed spontaneous EPSCs (sEPSCs) before and after the depolarizing protocol. There was no change in the amplitude of sEPSCs (98 Ϯ 4% control, p ϭ 0.711, n ϭ 6), but there was a significant decrease in the frequency of sEPSCs after the depolarizing protocol (73 Ϯ 7% of control, p ϭ 0.024, n ϭ 6) (Fig. 7C ). In addition, we analyzed the coefficient of variation of the evoked EPSC over the course of the synaptic depression. We found that there was a significant reduction in 1/CV 2 after the depolarizing protocol that persisted for the duration of the recordings ( p ϭ 0.006, n ϭ 6) (Fig. 7D) . Together, these data suggest that repetitive postsynaptic depolarization induces a presynaptically mediated depression of glutamate release onto VP neurons, likely mediated by a retrograde transmitter.
To determine that the retrograde transmitter responsible for the synaptic depression was indeed dynorphin, we repeated the depolarizing protocol in the presence of the -opioid receptor antagonist nor-BNI (100 nM). Figure 8 A shows that with -opioid receptors blocked, repetitive depolarizations no longer induced a prolonged depression of the evoked EPSC (109 Ϯ 20% control, p ϭ 0.389, n ϭ 5) (Fig. 8 A, B) . In addition, sEPSC frequency was no longer depressed after the depolarizing protocol in the presence of nor-BNI (99 Ϯ 7% control, p ϭ 0.675, n ϭ 4) (Fig.  8C) . If dynorphin is released from the postsynaptic cell by the exocytosis of somatodendritic large dense core vesicles, then the dynorphin-dependent synaptic depression should be blocked by preventing SNARE-dependent exocytosis in the postsynaptic cell. To test this, we included 5 g/ml BoTC in the patch pipette to cleave syntaxin only in the recorded cell. A minimum of 15 min was allowed for BoTC to dialyze the postsynaptic cell before control EPSCs were recorded. In the presence of BoTC, the repetitive postsynaptic depolarizations no longer induced a depression of the evoked EPSC (89 Ϯ 12% of control, p ϭ 0.493, n ϭ 4) (Fig.  8 E) , suggesting that dynorphin is released via SNARE-dependent exocytosis. Finally, to test the specificity of the retrograde depression, we repeated the depolarizing protocol in neighboring eGFP-negative neurons (putative oxytocin cells) that do not produce dynorphin (Watson et al., 1982) . The depression observed in these cells (19 Ϯ 5%, n ϭ 6) (Fig. 8 F) was significantly less than that observed in eGFP-positive cells ( p ϭ 0.015) and not significantly different from depression in the presence of nor-BNI Figure 4 . -Opioid inhibition persists after antagonism of presynaptic Ca 2ϩ channels. A, Evoked glutamate release onto MNCs is mediated mostly by N-type Ca 2ϩ channels as bath application of the N-type Ca 2ϩ channel blocker -conotoxin GVIA (1 M, 5 min) reduced the charge transfer of the EPSC by 77 Ϯ 6% (n ϭ 8, p ϭ 0.01). Sample EPSCs are from control, 15 and 30 min after -conotoxin. B, Blocking P/Q-type channels with -agatoxin IVA (200 nM, 10 min) reduced the EPSC charge transfer by only 16 Ϯ 12% (n ϭ 6, p ϭ 0.21). Sample EPSCs are from control, 15 and 30 min after -agatoxin. C-F, When U69593 was applied to cells that had previously had either N-or P/Q-type channels blocked, there was no occlusion of the inhibitory effect of the -opioid agonist. C and D are data from the same cell. Traces in C were taken in control, 15 min after -conotoxin and 10 min after subsequent application of U69593. The inset in E shows the charge transfer after -conotoxin normalized to 100%.
( p ϭ 0.131). Together, these data suggest that dendritically released dynorphin from vasopressin neurons can induce a presynaptic depression of glutamate release.
Discussion
In this study, we have shown that dynorphin acts as a retrograde transmitter to inhibit excitatory synaptic transmission through the activation of presynaptic -opioid receptors. This inhibition is attributable to a presynaptic modulation of vesicle fusion that can, in part, be overcome by increasing presynaptic Ca 2ϩ . Retrograde signaling is now accepted as a fundamental property of synaptic transmission in the brain. Although the most commonly examined retrograde signaling molecules are the endocannabinoids, many different areas of the brain also employ additional retrograde transmitters, such as GABA, glutamate, nitric oxide, and dopamine (Ludwig and Pittman, 2003) . Such a variety of retrograde transmitters not only allows for many different forms of plasticity but also allows specificity of retrograde signaling. In this study, we have shown for the first time that the opioid peptide, dynorphin, also acts as a retrograde messenger to modulate excitatory neurotransmission onto VP-expressing MNCs. Dynorphin is released in an activity-and SNARE-dependent manner from the postsynaptic cell to induce a presynaptic depression of glutamate release. Importantly and consistent with its described localization with VP in large dense core vesicles (Watson et al., 1982) , dynorphin only acts as a retrograde transmitter in VPexpressing neurons and not in neighboring OT-expressing cells. VP itself has been shown to promote dendritic release (Ludwig et al., 2005) , suggesting that initial dendritic secretion of dynorphin and VP may act to prime further dendritic release.
Although the long-lasting depression of EPSCs seen after repetitive activation of VP neurons was blocked by the -opioid receptor antagonist nor-BNI, a transient depression that manifests only during the depolarizing protocol persisted. This transient depression was unaffected either by the inclusion of BoTC in the patch pipette or by bath application of the CB1 receptor antagonist AM251. These data rule out both the vesicular release of a dendritic transmitter and the dendritic release of endocannabinoid. Currently, the identity of the signal responsible for this transient depression in response to repetitive depolarization is unknown.
Opioids depress transmission at a number of central synapses including those onto MNCs (Honda et al., 2004) . Many of these studies have implicated an opioid-mediated inhibition of presynaptic Ca 2ϩ channels (Rusin et al., 1997; Hjelmstad and Fields, 2003) or the activation of presynaptic K ϩ channels (Simmons and Chavkin, 1996; Vaughan et al., 1997) . Other studies, however, rule out Ca 2ϩ channels and/or K ϩ channels (Castillo et al., 1996; Ford et al., 2007) , indicating that the nature of a unifying mechanism remains unresolved. Our data provide evidence for a novel form of inhibition, whereby neither of these mechanisms contribute to the decrease in glutamate release after activation of -opioid receptors. Instead, we propose that once activated, -opioid receptors directly modulate the presynaptic release machinery, to reduce vesicular glutamate release.
We have provided several pieces of evidence consistent with the idea that -opioid inhibition is mediated by direct modulation of vesicle release machinery. First, the -opioid receptor agonist, U69593, produces a large reduction in the frequency of both asynchronous release events and mEPSCs but has no effect on their mean amplitude. Second, mEPSCs in MNCs are independent of external Ca 2ϩ (Inenaga et al., 1998) , and since the inhibition of mEPSC frequency persisted when all Ca 2ϩ was removed/buffered, this suggests that the target of inhibition is Figure 5 . -Opioid-mediated inhibition does not require presynaptic potassium channels. A, Application of 2 mM 4-AP produces a robust increase in the evoked EPSC charge transfer (250 Ϯ 74% at 20 min, n ϭ 7, p ϭ 0.028) and prevents U69593-mediated inhibition. EPSCs in A are taken from time points 10 min after 4-AP, 15 and 30 min after U69593 application. A lower concentration of 4-AP (100 M) is also effective at preventing the U69593 inhibition (U69593 inhibition in 100 M 4-AP: 32 Ϯ 13%, p ϭ 0.003 compared with control inhibition, n ϭ 6). C, D, If a low Ca 2ϩ containing ACSF is washed in 15 min after application of 100 M 4-AP and followed by U69593, the -opioid-mediated inhibition is again unmasked (79 Ϯ 5% inhibition, n ϭ 3, p ϭ 0.61). In C, low Ca 2ϩ refers to 0.3 mM Ca 2ϩ /3.7 mM Mg 2ϩ containing ACSF. E, There is no change in mEPSC frequency after bath application of 2 mM 4-AP (101 Ϯ 21% control frequency after 15 min, n ϭ 6, p ϭ 0.87). In addition, after a minimum of 15 min application of 2 mM 4-AP, U69593 is still equally effective at decreasing mEPSC frequency (43 Ϯ 9% reduction at 15 min, n ϭ 9, p Ͻ 0.0001; F ).
downstream of Ca 2ϩ entry. Third, blocking either N-or P/Q-type Ca 2ϩ channels failed to reduce the relative magnitude of the inhibition. It should be noted, however, that because of the nonlinear relationship between presynaptic Ca 2ϩ and transmitter release (Dodge and Rahamimoff, 1967) , interpreting changes in the magnitude of opioid inhibition after blocking a single subtype of Ca 2ϩ channels is problematic. However, when taken in concert with other pieces of data, the most parsimonious explanation is that -opioid inhibition results from a direct modulation of the vesicle fusion apparatus at a site downstream of Ca 2ϩ entry. Although the molecular target of the inhibition by dynorphin is unresolved, our results are consistent with recent work implicating direct modulation of release machinery by the ␤␥ subunit of G i/o -coupled receptors (Blackmer et al., 2001; Delaney et al., 2007) . Consistent with our data, this ␤␥-mediated inhibition can be overcome by elevating presynaptic Ca 2ϩ levels (Yoon et al., 2007) . In previous studies, ␤␥ interactions either decreased the size of the fusion pore (Photowala et al., 2006) or decreased the number of active release sites (Delaney et al., 2007) . We do not observe any changes in quantal size after dynorphin, indicating that fusion pore size is not changing. And although we cannot completely rule out a decrease in the number of release sites, our data demonstrating that there is an increase in PPR as well as an increase in the coefficient of variation of the EPSC argue against this idea. Rather, our data indicate that activation of presynaptic -opioid receptors reduces the probability of vesicle fusion, an effect distinct from that reported in the above studies.
Glutamate synapses onto MNCs also exhibit a unique release profile that is worth considering when interpreting our findings. Specifically, these synapses exhibit asynchronous transmitter release (Iremonger and Bains, 2007) . Unlike fast neurotransmission at most central synapses, glutamate transmission at synapses onto MNCs is sensitive to the slow calcium buffer EGTA-AM. This finding is in line with the properties of other central synapses that display pronounced asynchronous release (Atluri and Regehr, 1998; Hefft and Jonas, 2005) . Interestingly, many of the synapses that show asynchronous release (or ectopic release) rely more heavily on presynaptic N-type calcium channels than other subtypes (Matsui and Jahr, 2004; Fedchyshyn and Wang, 2005; Hefft and Jonas, 2005) . This is consistent with the observation, at some synapses, that P/Q-type channels are more tightly localized in the active zone, whereas N-type channels are more evenly dispersed throughout the terminal (Wu et al., 1999) . In this current study, we find that asynchronous release onto MNCs in the PVN is also mainly reliant on N-type calcium channels, with only a small contribution from P/Q-type channels. Similar observations have been made at glutamate synapses onto MNCs in the SON (Hirasawa et al., 2001 ).
Physiological significance
In vivo application of -opioid receptor antagonists into the magnocellular region of the hypothalamus increases the excitability of vasopressin MNCs (Brown et al., 1998) . Dendritically released dynorphin has previously been shown to act as an autocrine messenger in these cells . Specifically, during a burst of activity, dynorphin is released, which in turn binds to -opioid receptors on the same postsynaptic cell to transiently inhibit a depolarizing after potential and help terminate a burst. The current data suggest that dendritically released dynorphin also curtails MNC excitability by inhibiting both spontaneous and action potential-dependent glutamate release. Since bursting in these cells requires excitatory synaptic drive (Nissen et al., 1995; , this would be a very efficient mechanism to control firing and hence hormone secretion into the blood. . Dendritic dynorphin release is responsible for retrograde depression. When the postsynaptic depolarizing protocol (black bar) was repeated in the presence of the -opioid receptor antagonist, nor-BNI (100 nM), it no longer induced synaptic depression (A, B; 109 Ϯ 20% control, p ϭ 0.389, n ϭ 5). Sample traces are taken from control, 10 and 20 min after the end of the depolarizing protocol. Coincidentally, there was also no change in sEPSC frequency or amplitude in the presence of nor-BNI (C, D; sEPSC frequency: 99 Ϯ 7% control, p ϭ 0.675, n ϭ 4; sEPSC amplitude: 103 Ϯ 3% control, p ϭ 0.214, n ϭ 4). When postsynaptic syntaxin was cleaved by including botulinum toxin C in the patch pipette, the synaptic depression was also no longer observed (E; 89 Ϯ 12% of control, p ϭ 0.493, n ϭ 4). Finally, eGFP-positive (putative oxytocin) neurons were patched to determine whether this dynorphin-mediated retrograde inhibition was limited to vasopressin-expressing cells. The same postsynaptic depolarizing protocol was delivered to eGFP-positive cells; however, the depression was significantly less than that in GFP plus ve cells (n ϭ 6, p ϭ 0.015).
